Photosynthesis Research 6, 33-55 (1985)
© 1985 Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht. Printed in the Netherlands.

Minireview
The mechanism of photosynthetic water oxidation
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Abstract. Photosynthetic water oxidation is unique to plants and cyanobacteria, it
occurs in thylakoid membranes. The components associated with this process include:
a reaction center polypeptide, having a molecular weight (Mr) of 47-50 kilodaltons
(kDa), containing a reaction center chlorophyll ¢ labeled as P680, a plastoquinol(?)-
electron donor Z, a primary electron acceptor pheophytin, and a quinone electron ac-
ceptor Qp; three ‘extrinsic’ polypeptides having Mr of approximately 17kDa, 23 kDa,
and 33kDa; and, in all likelihood, an approximately 34 kDa ‘intrinsic’ polypeptide
associated with manganese (Mn) atoms. In addition, chloride and calcium ions appear
to be essential components for water oxidation. Photons, absorbed by the so-called
photosystem II, provide the necessary energy for the chemical oxidation-reduction at
P680; the oxidized P680 (P680%), then, oxidizes Z, which then oxidizes the water-
manganese system contained, perhaps, in a protein matrix. The oxidation of water,
leading to O, evolution and H* release, requires four such independent acts, i.e., there
is a charge accumulating device (the so-called S-states). In this minireview, we have
presented our current understanding of the reaction center P680, the chemical nature
of Z, a possible working model for water oxidation, and the possible roles of mangan-
ese atoms, chloride ions, and the various polypeptides, mentioned above. A comparison
with cytochrome ¢ oxidase, which is involved in the opposite process of the reduction
of O, to H,0, is stressed.

This minireview is a prelude to the several minireviews, scheduled to be published
in the forthcoming issues of Photosynthesis Research, including those on photosystem
II (by H.J. van Gorkom); polypeptides of the O,-evolving system (by D.F. Ghanotakis
and C.F. Yocum); and the role of chloride in O, evolution (by S. Izawa).

L. Introduction

The mechanistic realization of photosynthetic water cleavage by visible
light is the cornerstone in the evolutionary development for the exploitation
of solar radiation as a free energy source for the biosphere. The ‘invention’
of this reaction about 2—3 billion years ago, realized in cyanobacteria, not
only made the huge water pool on the earth’s surface available as an electron
source for the generation of metabolically bound hydrogen, but in addition
enriched the anaerobic atmosphere with oxygen up to the present level.
In this way, oxygen became available as a unique oxidant for extensive
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free energy release from food, allowing the development of highly organized
heterotrophic organisms [for a recent review see ref. 1]. Accordingly, the
‘handling’ of the redox couple H,0/0, in biological organisms is of crucial
importance and is the focus of current research activities in several
laboratories.
If one considers the sequence of univalent redox steps between H,O
and O, as depicted in equation (1)
H20 H* HO- H* H* H*
H20<%>H20 éeéﬂzo2 (%Hom{Aoz M
it is easily seen that the intermediates are very harmful species for biological
systems. Therefore, the essential problem to be solved by nature was the
development of enzyme complexes that catalyze the reaction sequence of
equation (1) without producing harmful species. Two key enzyme com-
plexes were ‘invented’: (a) the cytochrome c-oxidase for the exergonic
oxygen reduction to water in the respiratory chain [see e.g. ref. 2], and (b)
the water oxidizing (or oxygen evolving) enzyme system [see e.g. ref. 3]
in order to catalyze oxygen formation from water by sufficiently oxidizing
redox equivalents produced via photoreaction within the so-called reaction
center complex of photosystem II (PS II) (referred to as RC II). Despite
the fact that both enzyme complexes are of great interest for the under-
standing of the principles required for the performance of reaction sequence
(1) in biological organisms, the present discussion will be restricted to the
water oxidizing enzyme system. We shall, however, make a few additional

comments on the reaction center complex RC II as well as on the functional
coupling between RC II and the water oxidizing enzyme system.

II. The reaction center complex RC II

In green plants there are two different photosystems (I and II) [see e.g.
ref. 4] . Photosystem I (PS I) produces a strong reductant (NADPH, reduced
form of nicotinamide adenine dinucleotide phosphate) and a weak oxidant
(plastoquinone, PQ); whereas, PS II reduces PQ to PQH, and generates
a strong oxidant required for oxidation of water to O,. Details of PS II
and PS I will be covered in other minireviews, in Photosynthesis Research,
by H.J. van Gorkom, and A.W. Rutherford, respectively. The PS II reaction
is initiated by light absorption in the pigment complexes of PS II, followed
by excitation energy transfer to RC II where the primary photochemical
reaction takes place.

During the last decade the general organization scheme of RC II has been
unraveled; it resembles that of photosynthetic purple bacteria [for a recent
review see ref. 5], but almost all mechanistic details still remain to be clari-
fied. The crucial functional difference with the reaction center of purple bac-
teria is the necessity for RC II to produce redox equivalents of a free energy
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that is sufficient for water oxidation. This goal is achieved using a specifically
bound chlorophylla, referred to as P680, as the photoreactive pigment (P
stands for pigment and 680 refers to the absorption maximum wavelength
of its lowest electronic transition). It is not yet clear whether P680 is a
mononomeric chlorophyll-a molecule [6] or a dimeric chlorophylla aggre-
gate [7]. P680" ejects an electron from its lowest excited singlet state within
a few ps (according to latest estimations from fluorescence lifetime measure-
ments, the reaction time 1, is << 1 ps [see ref. 8]). This electron s transferred
in less than 1 ns over a distance of 2—3 nm to a special plastoquinone com-
plex with an iron center (this iron associated PQ is designated as Q,). The
reaction involves at least one redox intermediate identified as pheophytin
[see e.g. 9]. Recent experimental data favor the existence of additional
redox intermediates [10, 11, 12]. Charge stabilization sufficient for water
oxidation is achieved only if the electron from P680 can be accepted by
Qa [13]. As the RC II complex is anisotropicaily incorporated into the
thylakoid membrane, electron transfer from P680* to Q, generates, simul-
taneously, an electrical potential difference [14].

The kinetics of the electron transfer steps have not been measured directly.
However, regardless of the unresolved details, the quantum yield of the
overall charge separation within RC II is close to one [15]; this requires
a delicate balance of the rate constants for the forward and back reaction
of each individual electron transfer step [16]. This essential regulatory
control is easily achieved since the functional redox groups are embedded
into a specific protein matrix reported to have a molecular weight of 4750
kDa [17, 18]. Interestingly enough, all redox components in RC II identified
so far are m-electron systems. Accordingly, the RC I photo-redox-chemistry
can be considered to be a very specialized vectorial intermolecular m-electron
shift regulated by the RC Il-apoprotein.

The mechanistic details are not yet understood. In vitro studies have
revealed the importance of point charges in the microenvironment of por-
phyrins [19] for their spectral and reactive properties and the functional
role of the mutual orientation of reactive redox groups [20, 21]. These
few data are consistent with the idea that the RC II-protein matrix is of
great importance for determining the rate constants as well as the redox
properties (especially of the P680*/P680" couple). Therefore, we shall pay
special attention in our future research to the studies on the functional
role of the 47—-50kDa PC II polypeptide. Regarding the stabilization of
electron transfer via a connected m-electron system, a key step for modeling
photosynthetic reaction centers has been achieved through the synthesis
of a system containing tetraarylporphyrin with covalently bound quinone and
carotenoid moieties [22].

III. The basic organization scheme of photosynthetic water oxidation

The basic principles of the functional organization scheme of photosynthetic
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Figure 1. Simplified scheme of the redox cycle leading to photosynthetic water oxi-
dation (for details see text).

water oxidation became apparent 15 years ago after the classical polaro-
graphic experiments of P. Joliot and coworkers and of B. Kok and coworkers.
They revealed a characteristic oscillation pattern of oxygen evolution [for a
review, see ref. 3, or, 23]: the maxima (and minima) of the oxygen yield
followed a periodicity of 4 with flash number, when dark adapted samples
were exposed to a train of saturating light flashes (flash duration a few
us, time between flashes 0.3—1 s). The oscillations are damped with increasing
flash number. Unexpectedly, the first maximum of oxygen yield occurred
after the third flash. Kok and coworkers [24] presented a scheme (Figure
1) in which the water oxidizing enzyme system becomes sequentially oxidized
with P680" as ultimate oxidant by univalent redox steps (the redox states are
labeled Sg, Sy, Sy, S3 and S4) until after accumulation of four oxidizing
equivalents (S;) oxygen is evolved. In order to match the experimental
details of the oscillation pattern it was assumed that the dark-adapted system
starts with 25% Sy and 75% S; (some data favor an almost 100% S; popu-
lation [25]) and that each redox transition includes a certain possibility
of misses (no transitions) and double hits (double transitions). The above-
mentioned data and other findings also imply the absence of large scale
cooperation among different reaction center complexes and the water oxi-
dizing enzyme system. The lifetime of the last redox state in the sequence
(Figure 1), Sg4, is very short (<X 1ms), the precursor states S, and S; are
stable for several tens of seconds, whereas transitions between So and S; are
very slow (order of 30 min) with $; appearing most stable [25] under normal
conditions in the dark {[for a review about lifetime of S;-states, see ref. 23
and recent data in ref. 25]. An interesting observation, made by Lavorel
and Maison-Peteri [25a], is that the state S, is most abundant and [S;] +
[S3] = constant at steady state over a broad range of non-saturating flash
intensities, in the green alga Chlorella pyrenoidosa. Furthermore, these
observations are best explained by proposing the existence of a charge
carrier (C) that stores two positive charges as S; deactivates to S;; and that
these charges are conserved in the transition of Sy to S,. The existence
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of a charge carrier also explains the high quantum yield of O, evolution
at low light intensities in the face of deactivation of higher S-states.

Based upon EPR measurements, the oxidation kinetics of the water
oxidizing enzyme system were inferred to be dependent on its redox state
S;, characterized by half times of 0.1—1ms [26]. These reactions are much
slower than the P680* reduction detected by absorption changes at 820 nm
[27, 28] and 690nm [29]. Accordingly, P680 and the water oxidizing
enzyme system are connected by at least one redox component, referred to
as Z (or D;). This raises questions about the nature of Z. However, the
more interesting question about the mechanism of photosynthetic water
oxidation is the characterization of the functional redox groups of the S;-
states and their kinetic regulation by the protein matrix of the water oxi-
dizing enzyme system.

IV. The nature of component Z

Analyses of EPR spectra have led to the conclusion that the functional
redox group of Z is a special plastoquinol (PQH,) that functions as a one-
electron carrier with PQH3, as cation radical, acting as the oxidizing species
[30]. This assignment is roughly consistent with latest reports on the ab-
sorption difference spectra assigned to the Z°*/Z couple [31-33]. The
stabilization of PQH; (in Tris-washed chloroplasts, Z°* is reduced via multi-
phasic kinetics in the ms to s range) [see ref. 33] requires the existence
of a very special protein matrix, because the pK-value of PQH} in aqueous
(50%) ethanolic solutions is reported to be negative [34]. Accordingly,
immediate deprotonation would arise without a protective microenviron-
ment. The Z-oxidation was found to be coupled with a stoichiometric proton
release [35, 36] that could be due to deprotonation of either the functional
redox group of Z°* or of the surrounding protein moiety (Bohr-effect).
Therefore, these data do not permit an unambiguous identification of the
protonation state of the functional redox group in Z°*. In addition to the
evidence for PQH+5 based on the EPR spectrum of Z°*, it has been argued
that the cation radical is required for sustaining sufficient oxidizing power
for the S;-state transition in the water oxidizing enzyme system. This argu-
ment, however, is not convincing because numerous enzymes are known
whose apoproteins markedly affect the redox potential of the functional
group. However, regardless of the details of the protonation, the idea that
the functional redox group of Z is a special plastoquinol necessarily implies
the existence of a very specific apoenzyme which either prevents proton
escape from PQH; or significantly enhances the oxidizing power of a plasto-
semiquinone radical (PQH®).

The kinetics of electron transfer from Z to P680* become markedly
slower after selective elimination of the oxygen evolving capacity [37].
This effect might be ascribed to a redox potential shift of Z as discussed
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previously [38].Recently, it has been estimated that, after Tris-washing
(this procedure destroys the oxygen evolving capacity), the redox potential
of Z°*/Z is decreased more than 120mV [39]. This finding might be the
first piece of evidence for redox potential regulation by the protein matrix
of Z or by other regulatory polypeptides at the donor side of PS II (vide
infra). At the writing of this review, Z has not been identified unambiguously,
and, especially, information about the protein matrix is lacking.

V. A new ESR signal

Casey and Sauer [39a] and Zimmerman and Rutherford {39b] have reported
a new ESR signal at g = 4.1 with a linewidth of 360 Gauss. This signal was
attributed to a precursor of one of the S-states (S,) of the water oxidation
system [39a]. It is formed by illumination at 200K, not by flash excitation
at room temperature; it does not occur in the presence of diuron (which
blocks electron flow out of QA); it is absent in Tris-washed membranes;
and it has been suggested to arise from an intermediate donor (let us call it
Z,) between the S-states and Z (let us call it Z;) [39b]. Further research is
needed to understand its role in photosynthetic water oxidation.

V1. The water oxidizing enzyme system

The central problem of water oxidation via a four-step univalent redox
sequence, within biological organisms containing very sensitive components,
is how to stabilize the reactive intermediates in order to prevent rapid oxi-
dative destruction. Generally speaking, this goal can be achieved by using
appropriate redox groups which are intercalated into a specific protein matrix
acting as apoenzyme. An inspection of the enzymology of oxygen [40]
reveals that the functional redox groups are either organic n-electron systems
(flavins, etc.) or transition metal centers (Fe, Cu, Mn, Mo). It has been
known for a long time that photosynthetic water oxidation indispensibly
requires manganese [for reviews, see refs. 3, 41, and 42]. Accordingly,
it appears logical to consider the water oxidizing enzyme system as basically
a manganese protein with metal centers associated with a specific coordin-
ation shell acting as functional redox groups [43, 44]. Based upon this
assignment, the following questions have to be answered: (a) What is the
structural arrangement and valence of the manganese in the different S;
states of this system? (b) What is the nature of the coordination shell, in-
cluding water and its redox intermediates as likely ligands? (¢) What is the
polypeptide pattern of this system? (d) At which redox states are protons
released?

VI. 1 The functional role of manganese

There are at least three different pools of bound manganese but only one of
them was inferred to be directly involved in water oxidation [3, 41, 42].
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Despite extensive studies, the exact number of functional manganese ions
(or atoms) has not yet been determined unambiguously. Based upon treatment
with hydroxylamine or Tris-washing which cause destruction of the oxygen-
evolving capacity, accompanied by displacement of manganese ions (or atoms)
from its native sites, a number of four manganese ions (or atoms) per water
oxidizing enzyme system was obtained [3, 41, 42]. However, two of the
four manganese ions (or atoms) were found to be different with regard to
their magnetic interaction with the oxidized donor, Z°* [45]. Based on
the fact that partial release of manganese ions (or atoms) after Tris-washing
of inside-out thylakoids did not prevent reconstitution of the oxygen-evolving
capacity, only two manganese atoms (or ions) were inferred to be directly
involved in water oxidation [46]. Similar conclusions were made after
quantitative measurements of the manganese content of PS II particles
[47]. However, it should be emphasized that these data do not provide
unambiguous evidence that the functional center of water oxidation contains
only two manganese. A tetrameric cluster as functional unit cannot be
excluded (vide infra).

The valence states of the manganese have not yet been resotved. The
functional manganese in situ appears to be EPR silent at room temperature,
but after destruction of water oxidizing enzyme system an EPR spectrum
typical for [Mn(H,0)¢]?* can be observed {3, 41, 42]. This result reveals
that manganese is either surrounded by a specific ligand shell or that it
attains an EPR-inactive valence state. An approach to this problem was the
quantitative determination of Mn(Il)-release after mild heat shock treatment
[48]. The results obtained were interpreted by a model with a binuclear
manganese complex which attains the valence state (Mn(II)-Mn(Il) in S,
of the water oxidizing enzyme system. During the redox cycle, the Mn
‘centers were assumed to reach maximally the Mn(III) state in S,, S,, S5
and S, (a transitory state S§ on the route from S, to S; was inferred to
include Mn(IV)). Further support for a mixture of Mn(II) and Mn(III) states
in this system was provided by XAES investigations [49]. Attempts to use
the effect of Mn?* on the proton nuclear spin relaxation [50] have not
provided unambiguous results [for latest data, see ref. 51].

New inroads into the complex problem of the manganese valence states
were opened by the discovery of a multiline EPR signal for Mn at very low
temperatures (< 15K), which was ascribed to the state S, [52—54]. The
amplitude of this signal oscillates with a period of four, with maxima on the
first and the fifth flashes [39b, 52]. Unfortunately, the results do not yet
permit an unambiguous conclusion about the structure of the functional
manganese group [52, 53]. However, regardless of the controversy about the
existence of a binuclear [53] or a tetrameric cluster [52], the results favor
the idea that Mn(III) is the predominant valence state and that Mn(II) occurs
only at one manganese atom in state S,. Furthermore, one manganese atom
in the S;-redox state is inferred to attain Mn(IV) valency.
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This very brief summary of the pertinent results shows that the valence
state of manganese in situ still remains an unresolved problem, but the
different results provide ample indirect evidence for direct participation
of manganese in the redox cycle leading from water to molecular oxygen.
The above-mentioned resuits are also interpreted to show that the electron
abstraction during the S;—S;,, transition is not only restricted to the
manganese centers but that ligand groups are also involved. This raises
questions about the nature of these redox active ligands. In the simplest case,
water itself (and its different redox intermediates) as inner sphere ligand
functions directly as electron donor. However, participation of other ligands
cannot be excluded. Accordingly, an answer to the question whether or not
water is the only redox active ligand of the manganese center is of crucial
importance for understanding the mechanism of photosynthetic water
oxidation.

VI 2 Mechanism of photosynthetic water oxidation

Generally, three different models are considered: (a) the redox reactions are
restricted to the manganese-water system (it will be referred to as Mn-H,O-
model); (b) in addition to Mn and H,O another ligand or component is
involved in the redox cycle (I-Mn-H,0-model); and (c) the redox steps
occur mainly via the non-H,O ligand system (Mn-L-H,O-model).

Information about the participation of water in the intermediary redox
steps could be obtained by measuring the proton release pattern coupled
with the sequence of S; state transitions (see Figure 1). The stoichiometric
details of H*-liberation are not completely solved. At this time a 1:0:1:2
sequence during So —~>S;, S; > S,, S; > S3, S3 > S, transitions appears
to be favored [55, 56a], although some other findings support a 0:1:1:2
stoichiometry {57, 58]. The apparent proton release pattern depends on the
mode of dark adaptation [59] The water oxidizing enzyme was shown to
become inactivated in long dark adaptation, but a 2 min dark adaptation,
preceded by illumination, provides an active system [60]. Thus, the above
measurements should be repeated under strictly controlled dark adaptation
conditions. Latest refined kinetic studies favor a 1:0:1:2 pattern with
half times of 250us, 200us and 1.2 ms, respectively (V. Forster and W.
Junge, personal communication). A complication in the interpretation of
the experiment is the possibility of proton binding by intrinsic groups (e.g.,
aminoacid residues) which do not equilibrate with the external medium. In
this case the ‘intrinsic’ deprotonation pattern of water oxidation does not
correspond to the extrinsically measured proton release, as discussed pre-
viously [61]. Regardless of these quantitative problems, the reported data
highly support the idea that water is directly involved as redox substrate and
participates earlier than in the last step of the sequence [62, 63].

Before discussing further details of the above-mentioned models, it should
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be emphasized that in any case a further crucial point has to be considered,
i.e., the water oxidizing enzyme system contains one redox equivalent under
normal, dark adapted conditions. In order to account for the experimental
findings so far, a detailed model of the L-Mn-H,O-type has been proposed
[for reviews, see refs. 64 and 65] which involves the following postulates:
(a) Water oxidation occurs at a binuclear manganese cluster with water as
inner sphere ligand. The intermediary redox states formally corresponding
to HO® and H,0, are highly stabilized (80—~120kJ/mol, compared to the
corresponding free species) by electron delocalization between the man-
ganese centers and the ligand. (b) The S, > S, transition represents the
oxidation of a component M which is only moderately oxidizing in its M®*
state. It could act as bridging ligand, Lg, of the binuclear manganese cluster.
(c) Dioxygen-bond formation occurs at the peroxide redox-level as a bi.
nuclearly complexed hydrogen peroxide. (d) Binuclearly complexed super-
oxide readily reacts with M®* to form complexed oxygen so that practically
a two-electron transition leads from peroxide to oxygen (an analogous
two-electron transition leading in the opposite direction from O, to H,0,
in cytochrome oxidase has been reported, [see ref. 66, 67]. (¢) Oxygen is
released via an exergonic exchange reaction with the two water molecules.

This model implies a reaction mechanism which is described by equations
(2)—(6), (for the sake of simplicity the manganese centers are omitted, one
and two asterisks represent mono- and binuclear complexation, respectively;
and the kinetic data were taken from a recent report [68]):

[(H,0)3 | M55 [(H,0)5] M°* =8 @)

[(H0)5IM°* 50w [(H,0) (OH)* IM™* + K (=5,) (3)
[(H.0)*(OH)* | M 2w [(H,0,)*IM** + H'  (=8) (4)

[(Hy0,)* *IM®* ~Z—= [(0 ... H")** + H']M°*

1ms
oo [(0)*]M + 20" (=S4) (5)
k
[(05)**IM + 2H,0 —2= [(H,0)]M + 0, =50) (6)

The above model predicts an intrinsic deprotonation stoichiometry of either
1:1:1:1 or 0:1:1:2, depending on the properties of component M (in equ-
ations (2)—(6) M-oxidation is assumed not to be coupled with H*-release).
No restrictions are made about the valence state of manganese, but in the
redox state S; the metal centers within the functional binuclear manganese
group are inferred to be likely in a higher oxidation state compared to S,
due to different degrees of electron delocalization between central ion
and oxidized water ligand for (OH)* and (H;0,)**, respectively [62].
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The actual valence state of the manganese depends strongly on the nature
of the overall coordination sphere. Investigation of synthetic manganese
complexes shows that the redox potentials for the transitions Mn(II) =
Mn(IIT) = Mn(IV) can vary over a wide range for different ligand deriva-
tives [69, 70]. Therefore, no statements about the electronic configuration
of the manganese centers can be made unless detailed experimental data are
available, but it should be mentioned that recent low temperature EPR data
have been interpreted in terms of Mn(III) for state S; [53, 71]. However, it
should be kept in mind that low temperature measurements may not reflect
the electronic situation in vivo, because at room temperature the distribution
of electron density between ligand and central ion could be different, based
on recent reports on model compounds [72, 73] . Component M is not speci-
fied by the model. It could be either a bridging ligand (e.g., a special plasto-
quinone) or a separate component or even only a symbol for a unique man-
ganese valence state in the oxygen evolving system (see below). Regardless
of these details, the Sy - S; transition is assumed not to change the redox .
state of the water ligand.

The different behavior of S; compared to S, and S; is evident not only
from the quite different lifetimes [for reviews, see refs. 23, 25 and 41]
but is also manifested by the sensitivity of the latter states to different
substances, such as ADRY* agents [74] or amines [75]. The water oxi-
dizing enzyme system is very sensitive to high pH [76] and Tris-treatment
[75] in redox state S,. This result supports the idea of a special manganese
oxidation in S,. The proposed model also implies a special energetic pattern
for water oxidation via a four-step univalent redox sequence [for details
see refs. 61, 62]. For example, the redox transitions between (H,O)* and
(OH)* corresponding with S; =S, and between (OH)* and (H,0,)**
reflecting S, = S; are assumed to require practically the same free energy.
This assumption has been confirmed by thermodynamic calculations (based
on data of delayed fluorescence and back reaction kinetics) [see ref. 77]
and by thermoluminescence measurements [78].

A very important aspect of the mechanism of water oxidation is the
structural dynamics coupled with the S-state transitions, especially as a
consequence of dioxygen formation. A first hint for structural changes
might be the S;-state dependent inhibition of oxygen evolution by p-nitro-
thiophenol [79]. The S;-state dependent electron transfer kinetics of P680*-
reduction [for indirect evidence, see refs. 38, 80] and of the S;-state advance-
ment (for direct EPR-measurements of Z°*-reduction, see refs. 26, 68) might
also be interpreted in terms of redox transition induced conformational
changes in the water oxidizing enzyme system. The marked differences
in Z°*.reduction kinetics coupled with transitions So =~ S,, S; = S, and
S; > S3, S35 = (Ss) %}—132» Se + O, might reflect significant structural

* ADRY stands for acceleration of deactivation reactions of the system Y, where Y
symbolizes the water oxidizing enzyme system.
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changes during dioxygen bond formation at the redox level S,. Confor-
mational changes in redox enzymes have been well established [81] but no
detailed studies are known for the water oxidizing enzyme system in
relation to the redox reactions. Another important fact is the conformational
relaxation of the apoenzyme after a redox transition of the functional metal
centers. The role of this structural dynamics for the overall mechanism of
photosynthetic water oxidation is completely unresolved.

Other models of the L-Mn-H,O-type have been proposed referring either
to the characterization of S-state transition patterns [82] or to postulation
of plastoquinone as an essential manganese ligand that participates in the
redox sequence [73, 83]. Because in manganese quinone-complexes, the
ligand modulates the reversible O,-binding capacity [84] one might specu-
late about the regulation of the exergonic O,-H,O-water exchange (equ-
ation (6)) by a quinone ligand. Extending these studies on manganese-3,5
di-tert.-butyl quinone complexes and taking into account mechanistic studies
about the catalytic function of u-oxobridged Ru(Ill)-complexes [84], a
model has been recently proposed [73] for photosynthetic water oxidation
that includes two fundamental steps: (a) conversion of two water molecules
into adjacent oxo-ligands at a binuclear manganese center, coupled with
Mn(II) > Mn(IV) transition and deprotonation of the ligands; and (b) O,-
formation by displacement of the two oxo-ligands, probably supported by
manganese reduction to Mn(II). This could give rise to destabilization of the
oxo-ligands, that are finally oxidized to O, by the catecholat-form of the
ligands. Accordingly, redox transitions at the manganese as well as at the qui-
none ligands and the two adjacent oxo-ligands participate in water oxidation.
The model in the present form, however, has to be modified significantly
in order to explain the specific patterns of oxygen evolution and proton
release of photosynthetic water oxidation.

Another possible role of quinone could be the function as a bridging
ligand between two manganese centers, thereby simultaneously providing
their magnetic coupling, as has been inferred by studies on model complexes
[72; also see 85]. In this case, however, the quinone ligand is not involved
in the redox reactions. It is suggested that the Sq — S; transition also re-
presents a manganese oxidation step. So far, no direct experimental evidence
for the participation of a quinone in the water oxidizing enzyme system
has been obtained. The requirement for artificial PS Il-donors for sustaining
the linear electron transport in chloroplasts, mildly depleted of plastoquinone
[86], might support the above mentioned ideas on a plastoquinone function.
This result, however, cannot be considered as unambiguous evidence, because
lipid extraction could primarily remove the functional group of Z, as a likely
plastoquinone target, rather than modify the water oxidizing enzyme system
itself.

Most of the models developed on the basis of EPR measurements are of
the Mn-H,O-type, i.e., redox reactions are restricted to manganese and its
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associated water ligand. The essential features of two recently proposed
models [S3, 71] are very similar to the previously discussed [61, 62, 64]
L-Mn-H,O-type model with the specific assighment of the Sq-state to a
functional group with one manganese in the Mn(II) valence state. In all
other states manganese is in Mn(IIT) and/or Mn(IV)-state. This type of model
has been theoretically analyzed by quantum mechanical calculations with
special emphasis on the structure of the binuclear manganese cluster and its
water ligand [87]. All models reported so far consider water in the inner
coordination sphere as the essential redox active species. A different situ-
ation, however, arises for the Mn-L-H,O-type models, where the main redox
steps occur at a specific ligand. An interesting chemical model assumes that
the redox sequence occurs at a chlorine ring system including the inter-
mediary formation of a dioxolium species [88]. Another model claims bi-
carbonate to be the essential manganese ligand for water oxidation [89].

Despite the lack of unambiguous experimental evidence, the basic prin-
ciples of the model described by equations (2)—(6) seem to be logical with
open questions regarding the nature of the component M (either a separate
component, e.g., a special ligand, or a special valence state of a manganese
center) and the real electronic configuration of the manganese centers in the
different S;-states. This conclusion is not only based on the experimental
data briefly outlined here, but also by comparison with the mechanisms
of other enzymes, which deal with free intermediates of water oxidation
such as a catalase or a superoxide dismutase. Of special interest in this regard,
however, are the oxidases that catalyze the back reaction of water oxidation
(equation (1)). It is known that in cytochrome oxidase as well as in laccase
the redox sequence occurs at a binuclear transition metal center [for a review
see ref. 40]. Accordingly, it seems reasonable to assume that the same prin-
ciple of handling the H,0/0, -redox system may have been applied by photo-
synthetic organisms in order to perform water oxidation.

An important question which remains to be clarified by future work is
the structure of the coordination sphere of the functional manganese groups.
If one compares the water oxidizing enzyme system with the cytochrome
oxidase, one might think about the porphyrin ring as a widely used quadri-
dentate ligand. It is also an important ligand of in vitro manganese model
systems, e.g., for O, activation in oxygenase with manganese undergoing
redox transitions between states Mn(III) and Mn(V) [90, 91]. However,
so far no experimental evidence has been found for porphyrins acting as
manganese ligands in the water oxidizing enzyme system. Furthermore,
no other inner sphere ligand of manganese has been experimentally iden-
tified as yet.

After firm experimental evidence of its functional role in oxygen evo-
lution [92], chloride has been discussed as a possible ligand in the O,-
evolving system [e.g. ref. 44]. Recent elegant work [for reviews see refs,
93, 94] led to the conclusion that Cl™ is essential for stabilizing the func-
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tional manganese center, particularly in state S, and it is also required for
the S; = S, transition. However, based on later measurements of flash-
induced chlorophyll-a fluorecence changes (rise kinetics and yield) and
delayed light emission, it has been concluded that Cl™ depletion does not
affect the S; - S, transition but rather prevents further oxidation from
S, to Sz [95, 96]. These contradictory conclusions need to be resolved.
Based upon **Cl-NMR-measurements [97, 97a] it was inferred that during
the S; turnover Cl” unbinding and rebinding takes place in a specific micro-
pocket [94]. This phenomenon is assumed to be correlated to the proton
release. The molecular mechanism of this effect is not yet clear, but it is
not absolutely specific for Cl°, because other anions (e.g. Br™) can sub-
stitute for ClI” but with lower efficiency [92—94]. The specificity is sug-
gested to be dependent upon the size of the anion and the ionic field [97].
Furthermore, a comparatively large pool of 10—20 Cl” per water oxidizing
enzyme system has been estimated [94, 98]. Very recent EPR data, in-
dicating a competition of amines as Lewis-bases for Cl -binding sites and
the effect of Cl -depletion upon the EPR signal assigned to Z°*, led to the
conclusion that CI” functions as a bridging ligand between manganese centers,
thereby also facilitating electron transfer reactions [99]. Obviously, only
part of the Cl™-pool can participate as a bridging ligand. Therefore, future
studies have to clarify whether or not ClI” really functions as a bridging
ligand of the functional binuclear manganese center and how this effect
is related to the other effects proposed for C1” (vide supra). A forthcoming
review by S. lzawa, in Photosynthesis Research, will discuss more fully the
role of C1” in O, evolution.

Bicarbonate is another component which has been discussed as a possible
essential component for oxygen evolution [for a review see ref. 100], but it
now seems clear that the main HCO3 effect, at least in the presence of HCO;3,
is located on the electron acceptor side of system II [see refs. 94,101, 102,
102a].

One of the difficulties arising in the identification of functional groups
in the water oxidizing enzyme system is the lack of detailed information
on their spectral characteristics in the UV/VIS-range. Generally, the charac-
teristic quaternary oscillation of the water oxidizing enzyme system turnover
[vide supra, ref. 23] should provide a labeling of absorption changes as-
sociated with the S;-state transitions. Unfortunately, a binary oscillation
due to the acceptor side of system II is superimposed on this pattern. How-
ever, it has become possible to eliminate this binary oscillation pattern by
trypsination of chloroplasts without seriously affecting the turnover of the
water oxidizing enzyme system. It was found [103] that the amplitude
of absorption changes in the UV characterized by a 1 ms relaxation Kinetics
(symbolized by AA;‘,;?) oscillates synchronously with the oxygen yield. As
the rate of Z°*-reduction by the water oxidizing enzyme system in the redox
state S; [26, 68] practically coincides with that of oxygen release [23],
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Figure 2. Amplitude of the 1 ms component of flash-induced absorption changes at 320
nm, AA$’], as a function of flash number in dark-adapted trypsinized chloroplasts.
The data represent an average of 10 measurements. Insert: difference spectrum of the
1 ms kinetics of flash-induced absorption changes reflecting the Z°*S, — (ZS,) -

7S, + O, transition. [For details, see ref. 103.] 2H,0

the amplitudes of the 320 nm absorption changes depicted in Figure 2 reflect
the turnover of the reaction Z°*S; +2 H,0 > ZS, + O, (also see Figure
3). As neither water nor O, absorbs in the range of 250-350 nm, the
absorbance difference between the states S; and Sy can be obtained by
subtraction of the Z°*/Z-difference spectrum. The difference spectrum
of the Z°*/Z-redox couple obtained from measurements of inside-out thyla-
koids with high oxygen-evolving capacity (W. Weiss and G. Renger, in prep.)
depicted in Figure 3 closely resembles that of Tris-washed PS Il-particles
[31]. Using these data, the difference spectrum ascribed to the absorbances
of S; versus Sy is obtained. Figure 3 shows that this difference spectrum
is characterized by a rather broad band peaking around 320nm. A com-
parison with a manganese-gluconate model system [104] might suggest
that the S3 =S¢ transition involves an Mn(IV) - Mn(III) redox reaction.
However, other interpretations, including the possibility of ligand absorption
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Figure 3. Difference spectra of Z°* versus Z and S, versus S, calculated from data
measured in inside out thylakoids (W. Weiss and G. Renger, in preparation) and in
trypsinized normal thylakoids [see ref. 103].

changes, e.g., due to the proposed redox turnover of plastosemiquinones
[73, 83], cannot be excluded. A recent, more refined analysis of flash-induced
absorption changes measured in chloroplast preparations selectively modified
by ADRY-agents or trypsin treatment or special dark-adaptation regimes led
to the conclusion that the difference spectra of the §;~S;y; (i=0,1, 2)
do not markedly differ as will be outlined elsewhere (Weiss and Renger, in
preparation).

Further experiments are required for the spectral characterization of all
redox transitions in the water oxidizing enzyme system and the consistent
interpretation of the data in order to achieve an unambiguous identification
of the §; states.

VII. The apoenzyme of the water oxidizing enzyme system

The water oxidizing enzyme complex is located within the membrane and
exposed to the thylakoid lumen. Thisarrangement had hindered the discovery
of polypeptides involved (directly or indirectly) in water oxidation. Sig-
nificant progress was achieved only after the development of mild procedures
that allowed the isolation of thylakoids with inverted membrane polarity
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[ISO-thylakoids, ref. 105] and of PS II particles which remained highly
active in oxygen evolution [106, also see 106a). Treatment of these pre-
parations with NaCl at high concentrations (~ 1 M) caused the release of two
polypeptides with 17kDa and 23 kDa molecular weight and a concomitant
decrease of oxygen evolution without any loss of bound manganese [for
reviews, see refs. 107, 108]. Rebinding of the 23kDa polypeptide partially
restored the activity for water oxidiation, whereas the 17 kDa unit was found
to be without any effect [but see ref. 109]. The role of these polypeptides
and of 33-34kDa polypeptides will be discussed fully in a forthcoming
review by C. F. Yocum in Photosynthesis Research.

Based upon single turnover flash experiments and the lack of any func-
tional group or metal center, it was concluded that the 23 kDa polypeptide
supports the fundtional connection of the water oxidizing enzyme system with
RC II via structural effects that could poise the redox potential of Z [107,
110, 111]. Latest data on the correlation between the concentration de-
pendence of the Cl -effect (vide supra) and the content of the 23kDa poly-
peptide in ISO-thylakoids led to the conclusion that the 23kDa unit mar-
kedly enhances the affinity of the native Cl™-binding site in the water oxidizing
enzyme system [112]. A third polypeptide having a molecular weight of
33kDa was lost by Tris-washing or urea treatment [108, 113]. This was
accompanied by a loss of manganese from the preparations. Based upon the
stoichiometric relation between bound manganese and membrane bound
33 kDa polypeptide, it was inferred that this polypeptide contains the func-
tional (binuclear?) manganese group for water oxidation [108].

However, latest findings of CaCl,-induced release of the 33 kDa poly-
peptide without the loss of manganese [114] question the above-mentioned
assignment. Partial restoration of oxygen evolution after rebinding of the
33kDa polypeptide [115] might suggest a regulatory rather than a direct
functional role of this unit. On the other hand, based on studies of several
mutant phenotypes of a green alga Scenedesmus obliquus, the functional
manganese was inferred to be incorporated into a 34kDa polypeptide {for
a review see ref. 116], which has caused some ‘confusion’ regarding the
role of the above-mentioned 33kDa polypeptide. However, O,-evolving
PS II maize preparations were shown to contain an intrinsic membrane
protein of 34kDa as well as a surface attached 33kDa unit [117]. Man-
ganese was inferred to interact with both these polypeptides [117]. It
appears that Mn may be tightly associated with a 32—34kDa polypeptide
if extracted in oxidizing conditions [Abramowicz et al., 117a]. An analysis
of the effect of CaCl, on manganese release of PS II particles led to the
conclusion that the 33kDa polypeptide sustains a conformational state
around the native manganese binding site that is required for its stabilization.
It was suggested that Ca®* as well as the 33 kDa polypeptide maintain the con-
formation around the Mn-binding sites required for O, evolution [118].

Trypsination of ISO thylakoids revealed a strong pH-dependence of the
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Figure 4. A simplified scheme of the functional and structural organization of photo-
synthetic water oxidation. Numbers indicate the molecular weight of the polypeptides
(kDa); Qp, Qg =primary and secondary plastoquinone acceptor; Cyt-b,,, =cyto-
chrome b,,, ; other components are explained in the text.

degradation of the oxygen evolving capacity [1 19] as well as of manganese
release (Vélker M., Ono T., Inoue Y. and Renger G., in pre.) indicating pH-
dependent conformational changes that modify the susceptibility to trypsin.
Summarizing the above-mentioned data, the model depicted in Figure 4
[see also ref. 119] has been derived with the assumption that an intrinsic
34kDa polypeptide is the apoenzyme of the functional binuclear manganese
center, but the 23kDa and 33 kDa units are indispensible for the functional
connection with RC II. This connection is likely to be regulated in a specific
manner by divalent cations. First evidence for a functional role of Ca?*
was found in cyanobacteria [120; also see 120a]. Sophisticated work on
photoactivation revealed a binding site for Ca®* [121]. Furthermore, Ca**
was found to cause partial reactivation of oxygen evolution in PS II particles
depleted of their 17kDa and 23kDa polypeptides by salt treatment [114,
122] and in EGTA treated ISO thylakoids [123] . Data of Miyao and Murata
[123a] also suggest that Ca’* can substitute for the 23kDa polypeptide.
Also, Nakatani {123b] has shown that in the presence of high concentrations
of CI” and Ca?*, 17kDa and 23kDa polypeptides are not required for O,
evolution. Ono and Inoue [123c] showed a parallel in rebinding of 33kDa
polypeptide with restoration of O, evolution in their system. However,
the exact role of Ca?*, which can be replaced in some cases by Mg* or
Mn?* but not in others [117], remains to be examined in future studies.
Furthermore, as chloride plays an essential role in the oxygen-evolving
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capacity and at least the 23kDa subunit was found to affect the chloride
affinity [112], it remains to be clarified to what extent the nature of the
anion influences the above-mentioned salt effects. Another very interesting
phenomenon is the discovery [60] that after extensive dark adaptation
the water oxidizing enzyme system attains a resting conformation, where the
manganese site is insensitive to different treatments that block O, -evolution.
Only in the active conformation, persisting after dark adaptation in the
minute range after illumination, the Mn site is open to interaction with H,0,
amines and chloride. The underlying mechanism of this effect is unknown.

Taking into account all the data known thus far, it appears that the
water oxidizing enzyme system consists of three different entrinsic sub-
units (17 kDa, 23 kDa, 33 kDa) and an intrinsic 34 kDa polypeptide being
very likely the site of the functional (binuclear?) manganese center. In
this regard, it is very interesting to compare the water oxidizing enzyme
system with cytochrome oxidase, which catalyses the reverse reaction (see
equations (1)). Cytochrome oxidase of higher organisms consists of at least
7 different subunits [for a review see 2], but the catalytic centers Fe(Cyt-as3)
and Cup are associated only with subunit I, which is in contact with subunit
II {124]. Furthermore, it was shown that at early stages of evolution the
catalytic subunits I and II were ‘invented’, and remained highly conserved
[124], whereas at later stages additional subunits were developed that ob-
viously function as regulatory entities [125]. Interestingly enough, also
for the reverse process, i.e. water oxidation, the basic principles of the
mechanism must have remained unchanged since the early discovery of its
realization in the ancient cyanobacteria [126]. Therefore, it would be worth-
while to analyze whether the subunit structure of the water oxidizing enzyme
system has been changed during the evolutionary development by additional
regulatory units as in cytochrome oxidase. With respect to the size it is in-
teresting to note that the catalytic subunit I of cytochrome oxidase in many
organisms has a molecular weight of 32—40kDa [124] thereby resembling
the catalytic subunit of the water oxidizing enzyme system. Furthermore,
the catalytic subunit I is an intrinsic membrane protein, whereas most of the
regulatory subunits are surface exposed. This reveals striking similarities
in the overall organization scheme of cytochrome oxidase and the water
oxidizing enzyme system.

A comparison of the water oxidizing enzyme system with oxidases (lac-
case, cytochrome oxidase) poses a further interesting problem. In both
enzyme complexes the catalytic binuclear center is functionally connnected
with other redox groups, containing two metal centers, that mediate the
electronic coupling with the external donor components [for a review,
see ref. 40]. Accordingly, a similar situation could be anticipated also for
the water oxidizing enzyme system. In this regard, it would be very attractive
to speculate about the existence of a further redox group that mediates
the connection with RC II via Z. A likely candidate could be another man-
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ganese group which would provide an explanation for the heterogeneity of
the manganese pool, as is schematically depicted in Figure 4.

VIII. Concluding remarks

Based upon our present knowledge, photosynthetic water oxidation occurs
at a multienzyme complex that contains a key functional group — a special
chlorophyll a (P680) — for the generation of sufficiently oxidizing redox
equivalents (the redox potential of P680*/P680 has been estimated to be
1.12eV, [127]) and a binuclear (?) manganese center that catalyzes the redox
sequence leading from water to molecular oxygen. It is highly likely that four
manganese atoms are essential for water oxidation, with two involved in the
catalytic site, and the other two in the oxidation of this site. The P680 and
the catalytic manganese centers are incorporated into protein matrices and
are coupled with other redox centers. Although the general function and
organization of the O, -evolving system is now available, yet the many details
of the molecular mechanism and its regulatory control are still missing. It is
of special interest to note that for cytochrome b 559, which is associated
with the O, -evolving system, we have not yet found a clearly defined role at
physiological temperatures. (See Widger et al. [128] for the physico-chemical
nature of this cytochrome, and Butler and Matsuda [129] for a possible
hypothesis for its function.)

Acknowledgements

The authors thank Dr G. Dohnt and Dipl.-Phys. W. Weiss for critical reading of the
manuscript. We also thank Professor Don DeVault for editing this manuscript. The
financial support of the work by the Deutsche Forschungsgemeinschaft and Fonds der
Chemischen Industrie to G.R., and by the National Science Foundation (PCM 83-
06061) to G. is gratefully acknowledged.

References

1. Renger G (1983) in: Biophysics (W Hoppe, W Lohmann, H Markl and H Ziegler,
eds.), pp. 347371, Springer Verlag. Berlin, Heidelberg

2. Wikstrom M, Krab K and Saraste M (1981) Ann Rev Biochem 50, 623—-655

3. Wydrzynski T (1982) in: Photosynthesis-Energy Conversion by Plants and Bac-
teria, Vol. I (Govindjee, ed.), pp. 469—-506, Academic Press, New York

4. Govindjee and Govindjee R (1975) in: Bioenergetics of Photosynthesis (Govindjee
ed.) pp. 150, Academic Press, New York

5.Parson WW and Ke B (1982) in: Photosynthetic Energy Conversion by Plants and
Bacteria (Govindjee, ed) Vol. 1, pp 331-385, Academic Press, New York

6. Davis MS, Forman A and Fajer J (1979) Proc Natl Acad Sci USA 76, 4170-4179

7. %en ]23;anken HJ, Hoff AJ, Jongenelis APJM and Diner BA (1983) FEBS Lett 157,
1—

. Butler WL, Magde D and Barens SJ (1983) Proc Natl Acad Sci USA 80, 75107514

Fajer J, Davis MS, Forman A, Klimov VV, Dolan E and Ke B (1980) J Am Chem

Soc 102, 7143-7145



18.

19.

20.

21.

22.

23,

24,
25.

. Evans MCW and Atkinson YE (1983) in: The Oxygen Evolving System in Photo-

synthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K, eds),
pp. 55—62, Academic Press, Japan

. Rutherford AW (1981) Biochem Biophys Res Commun 102, 1065-1070

. Renger G, Koike Y, Yuasa M and Inoue Y (1983) FEBS Lett 163, 8993

. Eckert HJ and Renger G (1980) Photochem Photobiol 31, 501-511

. Junge W and Witt HT (1968) Z Naturforsch 23 b, 244254

. Sun ASK and Sauer K (1971) Biochim Biophys Acta 234, 399-414

. Ross RT, Anderson RJ and Hsiao TL (1976) Photochem Photobiol 24, 267278

. Yamagishi A and Katoh S (1983) in: The Oxygen Evolving System in Photosyn-

thesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K, eds),
pp. 39-48, Academic Press, Japan

Nakatani HY (1983) in: The Oxygen Evolving System in Photosynthesis (Inoue
Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K, eds), pp. 49-54,
Academic Press, Japan

Eccles J and Honig B (1983) Proc Natl Acad Sci USA 80, 4959-4962

Overfield RE, Scherz A, Kaufmann KJ and Wasielewski (1983) J Am Chem Soc 105,
5747-5752

Siemiarczuk A, MclIntosh AR, Ho TF, Stillman MJ, Roach KJ, Weedon AC, Bolton
JR and Connolly JS (1983) J Am Chem Soc 105, 7224—-7230

Moore TA, Ernst D, Mathis P, Mialocq JC, Chachaty C, Bensasson RV, Land EV,
Doiui D, Liddell PA, Lehmann WR, Nemeth GA and Moore AL (1984) Nature
307, 630-632

Joliot P and Kok B (1975) in: Bioenergetics of Photosynthesis (Govindjee, ed),
pp. 387—412, Academic Press, New York

Kok B, Forbush B and McGloin M (1970) Photochem Photobiol 11, 457—-475
Vermaas WFJ, Renger G and Dohnt G (1984) Biochim Biophys Acta 704, 194-202

25a. Lavorel J and Maison-Peteri B (1983) Physiol Veg 21, 509-517

26.
27.

28.
29.

30.

31.

32.

33.
34.

3s.
36.

37.
38.
39.

Babcock GT, Blankenship RE and Sauer K (1976) FEBS Lett 61, 286289

van Best J and Mathis P (1978) Biochim Biophys Acta 503, 178188

Brettel K and Witt HT (1983) Photobiochem Photobiophys 6, 255-260

Eckert HJ, Renger G and Witt HT (1984) FEBS Lett 167, 316320

Ghanotakis DF, O’Malley PJ, Babcock GT and Yocum CF (1983) in: The Oxygen
Evolving System in Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N,
Renger G and Satoh K, eds) pp. 91-101, Academic Press Japan

Dekker JP, Brok M and van Gorkom HJ (1984) in: Advances in Photosynthesis
Research (Sybesma C, ed) Vol. 1, pp. 171-174, Martinus Nijhoff/Dr W. Junk
Publishers, Dordrecht

Diner B and de Vitry C (1984) in: Advances in Photosynthesis Research (Sybesma
C,ed) Vol. 1, pp. 407—411, Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht
Weiss W and Renger G (1984) FEBS Lett, 169, 219-223

Swallow AJ (1982) in: Function of Quinones in Energy Conserving Systems (Trum-
power B, ed) pp. 59—72, Academic Press, New York

Renger G and Voelker M (1982) FEBS Lett 149, 203-207

Forster V and Junge W (1984) in: Advances in Photosynthesis Research (Sybesma
C. ed) Vol. 2, pp. 305-308, Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht
Conjeaud H and Mathis P (1980) Biochim Biophys Acta 590, 353359

Gliser M, Wolff C and Renger G (1976) Z Naturforsch 31 ¢, 716—717

Yerkes CT, Babcock GT and Crofts AR (1983) FEBS Lett 158, 359363

39a. Casey JL and Sauer K (1984) Biophysic J 45, 217a
39b. Zimmerman JL and Rutherford AW (1984) Submitted to Biochim Biophys Acta

40.
41.

Malmstrém BG (1982) Ann Rev Biochem 51, 21 -59
Radmer R and Cheniae G (1977) in: Primary Processes of Photosynthesis (J Barber,
ed) pp. 303—-348, Flsevier/North Holland Biomedical Press, Amsterdam

. Amesz J (1983) Biochim Biophys Acta 726,1-12

. Olson JM (1970) Science 168, 438—446

. Renger G (1970) Z Naturforsch 25b, 966—-970

. Yocum CF, Yerkes CT, Blankenship RE, Sharp RR and Babcock GT (1981) Proc

Natl Acad Sci USA 78, 75077511



46.
47.

48.
49.
50.
51.
52.

53.
54.

55.
. Fowler CF (1977) Biochim Biophys Acta 462, 414—421
56a.

57.
58.

:i Brudvig GW, Beck WF and de Paula J (1984) Biophys J 45, 258a
62.
63.
64.
65.

66.
67.
68.
69.

70.
71.

72.
73.

74.

75.
76.

717.
78.

79.

$3

Barber J, Nakatani HY and Mansfield R (1981) Israel J Chem 21, 243-249
Yamamoto Y and Nishimura M (1983) in: The Oxygen Evolving System in Photo-
synthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K, eds),
pp. 229-238, Academic Press Japan

Wydrzynski TJ and Sauer K (1980) Biochim Biophys Acta 589, 56-70

Kirby JA, Goodin DB, Wydrzynski TJ, Robertson AS and Klein MP (1981) J Am
Chem Soc 103, 5537-5542

Govindjee and Wydrzynski (1981) in Photosynthesis Vol II G Akoyunoglou, ed)
pp. 293306, Balaban International Science Services, Philadelphia

Khanna R, Rajan S, Govindjee and Gutowsky HS (1983) Biochim Biophys Acta
725,10-18

Dismukes GC and Siderer Y (1981) Proc Natl Acad Sci USA 78, 274--278
Andreason LE, Hansson O and Vinngard T (1983) Chemica Scripta 21, 7174
Brudvig GW, Casey JL and Sauer K (1983) in: The Oxygen Evolving System in
Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh
K, eds) pp. 159-164, Academic Press Japan _

Saphon S and Crofts AR (1977) Z Naturforsch 32¢, 617—626

Forster V and Junge W (1984) in: Advances in Photosynthesis Research (Sybesma
C, ed.) pp. 305308, Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht

Junge W, Renger G and Auslinder W (1977) FEBS Lett 79, 155-159

Tiemann R, Renger G and Griber P (1981) in: Proc 5th Int Congr on Photo-
synthesis (Akoyunoglou G, ed) Vol II, pp. 85-95, Balaban International Science
Services, Philadelphia

Forster V, Hong YQ and Junge W (1981) Biochim Biophys Acta 638, 141152

Renger G (1978) in: Photosynthetic Water Oxidation (H Metzner ed), pp. 229—
248, Academic Press, London

Renger G (1977) FEBS Lett 81, 223-228

Govindjee, Wydrzynski and Marks SB (1977) in: Bioenergetics of Membranes (L
Packer, G Papageorgiou and A Trebst, eds), pp. 305-316, Elsevier, North Holland
Biomedical Press

Renger G, Eckert HJ and Weiss W (1983) in: The Oxygen Evolving System in
Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh
K, eds) pp. 73—82, Academic Press, Japan

Renger G and Weiss W (1984) in: Advances in Photosynthesis Research, (C
Sybesma, ed) Vol. 1, pp. 253-260, Martinus Nijhoff/Dr W. Junk Publishers,
Dordrecht

Bicker D, Bonaventura J and Bonaventura C (1982) Riochem 21, 26612666
Chance B, Kumar C, Rowers L and Ching YC (1983) Biophys J 44 358-363

Boska M and Sauer K (1984) Bjochim Bjophys Acta 765, 84 -87

Coleman WM, Goehring PR, Tylor LT, Mason JG and Bogers RK (1979) J Am
Chem Soc 101, 2311-23i8

Okawa H, Nakamura M and Kida S (1982) Bull Chem Soc Jpn 55, 466 —470
Dismukes GC, Ferris K and Watnick P (1982) Photobiochem Photobiophys 3,
243-256

Mathur P and Dismukes GC (1983) J Am Chem Soc 105, 7093-7098

Lynch MW, Hendrickson DN, Fitzgerald BJ and Pierport CG (1984) J Am Chem
Soc 106, 2041-2049

Renger G, Bouges-Bocquet B and Delosme R (1973) Biochim Biophys Acta 292,
769-807

Frasch W and Cheniae G, GM (1980) Plant Physiol 65, 735-795

Briantais JM, Vernotte C, Lavergne J and Arntzen CJ (1977) Biochim Biophys
Acta461,61-74

Bouges-Boquet (1980) Biochim Biophys Acta 594, 85—-103

Rutherford WA, Renger G, Koike H and Inoue Y (1984) submitted to Biochim
Biophys Acta

Kobayashi Y, Inoue Y and Shibata K (1978) in: Photosynthetic Water Oxidation,
(H Metzner, ed) pp. 157—-170, Academic Press, London



54

80. Sonneveld A, Rademaker H and Duysens LMN (1979) Biochem Biophys Acta
548,536-551
81. Moore GR and Williams RJP (1977) FEBS Letters 79, 229-232
82. Velthuys BR (1980) Ann Rev Plant Physiol 31, 545-567
83. Goldfield MG, Blumenfeld LA, Dimitrovski LG and Mikoyan VD (1981) Molekul
Bol 14, 635—641 (English translation)
84. Lynch MW, Hendrickson DN, Fitzgerald BJ and Pierport CG (1981) J Am Chem
Soc 103, 3961-3663
85. Gersten SW, Samuels GJ and Meyer TJ (1982) J Am Chem Soc 104, 4029-4030
86. Sadewasser DA and Dilley RA (1978) Biochim Biophys Acta 501, 208-216
87.Kusonoki M (1984) in Advances in Photosynthesis Research (C Sybesma, ed)
Vol. 1, pp. 275278, Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht
88. Mauzerall D and Chivvis A (1973) J Theor Biol 42, 387-395
89. Stemler A (1980) Biochim Biophys Acta 593, 103-112
90. Collman JP, Modadek T, Raybuck and Meunier B (1983) Proc Natl Acad USA
80, 7039--7091
91. Groves JT, Watanabe Y and McMurry TJ (1983) J Am Chem Soc 105, 4489-4490
92.Izawa S, Heath RL and Hind G (1969) Biochim Biophys Acta 180, 388—398
93.Izawa S, Muallem A and Ramaswamy NK (1983) in: The Oxygen Evolving System
in Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh
K, eds), pp. 293-302, Academic Press, Japan
94. Govindjee, Baianu IC, Critchley C and Gutoswky HS (1983) in: The Oxygen
Evolving System in Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N,
Renger G and Satoh K, eds), pp 303-315, Academic Press, Japan
95. Theg S, Jursinic P and Homan PH (1984) Biochim Biophys Acta, in press
96. Itoh S, Yerkes CT, Koike H, Robinson HH and Crofts AR (1984) Biochim Bio-
phys Acta, in press
97. Critchley C, Baianu IC, Govindjee and Gutowsky HS (1982) Biochim Biophys
Acta 682, 463-445
97a.Baianu IC, Critchley C, Gotowsky HS and Govindjee (1984) Proc Natl Acad Sci
USA 81,3713-3717
98. Theg SM and Homann PH (1982) Biochim Biophys Acta 679, 221-234
99. Sandusky PO and Yocum CF (1983) FEBS Lett 162, 339-343
100. Stemler A (1982) in: Photosynthesis-Energy Conversion by Plants and Bacteria
Vol 1 (Govindjee ed), pp 513-539, Academic Press, New York
101. Govindjee (1984) in: Advances in Photosynthesis Research (Sybesma C, ed) Vol.
1, pp. 227 -238, Martinus Nijhoff/Dr W. Junk Publ, Dordrecht
102. Vermaas WFJ and Govindjee (1982) in: Photosynthesis-Development, Carbon
Metabolism and Plant Productivity, Vol II (Govindjee, ed), pp 541—-558, Academic
Press, New York
102a.Vermaas WFJ and Govindjee (1981) Proc Indian Natn Sci Acad B47, 581-605
103. Renger G and Weiss W (1983) Biochim Biophys Acta 722, 1-11
104. Sawyer DT, Bodin ME, Willis LA and Riechel TL (1976) Inoig Chem 15, 1538—
1543
105. Andersson B, Akerlund HE and Albertson PA (1977) FEBS Lett 77, 141—145
106. Berthold DA, Babcock GT and Yocum CF (1981) FEBS Lett 134, 231234
106a.Dunahay TG, Staehlin LA, Seibert M, Ogilvie PD and Berg SP (1984) Biochim
Biophys Acta 764, 179-193
107. Akerlund HE (1983) in: The Oxygen Evolving System in Photosynthetic (Inoue
Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K, eds), pp 201-208,
Academic Press, Japan
108. Murata N, Miyao M and Kuwabara T (1983) in: The Oxygen Evolving System in
Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh
K, eds), pp 213222, Academic Press, Japan
109. Toyoshima Y, Akinori K, Fukukaka E and Imaoka A (1983) in: The Oxygen
Evolving System in Photosynthesis (Inoue Y, Crofts AR, Govindjee, Murata N,
Renger G and Satoh K, eds), pp 239244, Academic Press, Japan
110. Renger G and Akerlund HE (1983) in: The Oxygen Evolving System in Photo-



55

synthesis (Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K,
eds), 209-212, Academic Press, Japan

111. Akerlund HE, Renger G, Weiss W and Hagemann R (1984) Biochim Biophys
Acta 765,1-6

112. Andersson B, Critchley C, Ryrie 1J, Jansson C, Larsson C and Anderson JM (1984)
FEBS Lett 168,113-117

113. Larsson C, Jansson C, Ljungberg H, Akerlund HE and Andersson B (1984) in:
Advances in Photosynthesis Research (C Sybesma, ed) Vol. 1, pp. 363-366,
Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht

114. Ono T and Inoue Y (1983) FEBS Lett 164, 255-260

115.0no T and Inoue Y (1983) FEBS Lett 166, 381-384

116. Bishop NI (1983) in: The Oxygen Evolving System in Photosynthesis (Inoue Y,
Crofts AR, Govindjee, Murata N, Renger G and Satoh K, eds), pp. 117-187,
Academic Press, Japan

117. Bricker TM, Metz JG, Miles D and Sherman LA (1982) Biochim Biophys Acta
724,447-455

117a.Abramowicz DA, Raab TK and Dismukes GC (1984) Advances in Photosynthesis
Research (C Sybesma, ed) Vol. 1, pp. 349-353, Martinus Nijhoff/Dr W. Junk
Publishers, Dordrecht

118. Ono T and Inoue Y (1984) FEBS Lett 168, 281-286

119. Renger G, Volker M and Weiss W (1984) Biochim Biophys Acta (766 41578)

120. Piccioni R and Mauzerall D (1978) Biochim Biophys Acta 504, 384 -397

120a.Brand JJ, Mohanty P and Fork DC (1983) FEBS Lett 155, 120-124

121.0no T and Inoue Y (1983) in: The Oxygen Evolving System in Photosynthesis
(Inoue Y, Crofts AR, Govindjee, Murata N, Renger G and Satoh K eds), pp 337
344, Academic Press, Japan

122. Ghanotakis DF, Babcock GT and Yocum CF (1984) FEBS Lett 167, 127-130

123, Packham NK and Barber J (1984) Biochim Biophys Acta 764, 1723

123a.Miyao M and Murata N (1984) FEBS Lett 168,118-120

123b.Nakatani HY (1984) Biochem Biophys Res Commun 120, 299304

123¢.0no T and Inoue Y (1984) FEBS Lett 166, 381 -384

124. Winter DB, Bruyninckx WJ, Foulke FG, Grinich NP and Mason HS (1980) J Biol
Chem 225, 11 408-11414

125. Kadenback M (1983) Angew Chem 95, 273281

126. Ley AC, Babcock CT and Sauer K (1975) Biochim Biophys Acta 387, 379387

127. Jursinic P and Govindjee (1977) Photochem Photobiol 26, 617628

128. Widger WR, Cramer WA, Hermodson M, Gullifor M, Meyer D, Farchaus J and
Liedtke B (1983) in: The Oxygen Evolving System of Photosynthesis (Y Inoue,
AR Crofts, Govindjee, N Maruta, G Renger and K Satoh, eds). pp. 123-134,
Academic Press, Japan

129. Butler W and Matsuda H (1983) in: The Oxygen Evolving System of Photosynthesis
(Y Inoue, AR Crofts, Govindjee, N Murata, G Render and K Satoh, eds), pp 113—
122, Academic Press, Japan



